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' ' NOTATION
g aj ?onic velocity in the jet
h c 4 Sectional profile drag coeffi;:ient .from momentum loss in wake,
- corrected for additional mass efflux of the jet
3 Cd Section profile drag coefficient as measured by rake, uncorrected
rake for jet efflux effects
| ““ c, Sectional lift coefficient
- CQ. Mg:'cimum gsectional 1ift coefficient obtainable within test Cu
" max limitations
- -Cmso Pitching moment coefficient about the midchord
h-; Cp Pressure coefficient
, Cu Momentum coefficient
: ¢ Chord length
. d Sectional profile drag corrected for jet mass efflux
. de Sectional equivalent drag
[,. h/c Slot height-to-chord ratio
n Ude Equivalent section lift-to-drag ratio
L Morie Critical Mach number
‘::E btj Jet Mach number
- @ Mass efflux, slugs/sec
:ﬂ Pd Duct (plenum) total pressure
Ptv Free-stream total pressure
... P: Free-stream static pressure
q, Free-strean dynamic pressure
R Uaiversal gas coastant
S s Model planfora area
‘ ‘I‘d Buct (plenun) total teapevature, °R
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ABSTRACT

A circulation control elliptic airfoil section with a
15-percent thickness~to-chord ratio which incorporztes a
spiral trailing edge was evaluated subsonically to
determine its aerodynamic characteristics. The spiral-
shaped Coanda surface was previously evaluated with a
different leading edge. The airfoil designated NCCR 1505-
7567S has an uncambered forward half and a cambered aft
porticn resulting in a 0.005-percent camber for the profile.
This particular combination of camber was selected because
it was analytically predicted to have good critical Mach
number characteristics in the range of interest. The range
gg of momentum coefficient was limited due to the relatively

‘ early onset of Coanda jet-tunnel floor interference;
however, lift coefficients in excess of 4.25 were produced
.. at momuntum coefficients of 0.16. Equivalent lift-to-drag
o ratios in excess of 40 were also produced when lift
1 coefficient reached approximately 1.0.
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ADMINISTRATIVE INFORMATION
The work presented was conducted in 1976 at the David W. Taylor Naval Ship
. Res. rch and Development Center (DINSRDC) for the Naval Air Systems Command
(AIR-320D) under Project Elemeut 63203N and Task Area W0578.

INTRODUCTION
ln Tangential Llowing over the bluff trailing edge of elliptical airfoil sections
ah nas beer shown to produce high-lift augmentation at velatively low blowing levels
-~ oveér a rasge of angler of attack. Because of the Coanda effect employed by these
N alrfoils, the jat shee: remains attached to the bluff trailing edge due fo a

balance between the centrifugal foree and the veduced pressure at the wall.
Initially, the Coanda jut acts as an effective boundary layer control mechanisa by
entraining the upstreas flom., At the higher blowing rates, there is substantial
movesent of the staganation polats with an accompanying {ncrease ia circulation,

In the preseant investigation, the subsonlc characteristics of a ly-perceat
cambered elliptic alrfeil section are experimentally exaained. The alrfoll is oame
. of a series of five be ap used In a cireulation contrel airfoll developmeant progras

at DINSRDC to detorymias the effect of leading and trailing edge geouetry oa
,i‘ perforuanee.l'j. the Coanda surviace employed on this airfoil is the same as that
cvaluated previously on sodel NCCR 1510-75675.°

*A complete liscing of references is given on page 1ll.
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MODEL AND TEST APPARATUS

The airfoil profile designated NCCR 1505-7567S 1is based on an analytically
defined ellipse with an 8-in. major axis (chord) and a 1l5-percent thickness-to-
chord ratio; see Table 1. Modifying the ellipse to produce the desired Coanda
surface trailing edge shape reduces the chord to 7.991 in. An upper surface jet
slot is placed at the 0.97-percent chord position. The forward portion of the
model, x/c < 0.5, is uncambered with a leading edge radius-to-chord ratio of 0.02137,
which is 190 percent that of the pure ellipse. For x/c > 0.5, a circular arc camber
of 0.01 percent was applied. This particular combination of camber was selected
because the airfoil was analytically predicted to reach critical Mach number outside
a selected range of lift coefficients and angles of incidence. Also, the cambered
aft portion was available from a model previously evaluated. Coordinates as input
for model construction are list:d in Table 2.

The outer shell of the mocel is comstructed of wood with an internal steel
plenum chambe' through which air for the Coanda jet is introduced. The jet (slot)
exit is the troat of a converging nozzle formed by the internal geometry of the
Coanda surface and the underside of a knife-edged aluminum blade. The Coanda
gurface itself is a spiral with the smallest radius of curvature at the slot. An
undercut surface is used on the aluminum blade to ensure that the flow will exit
tantentially to the ailrfoll surface; see ¥Figure 1. .iot height is adjusted
through the use of pitch screws,

Two-dinensional tests were conducted in the 15- by 20-in. subsonic wiad tunnel
with a vented test seetion and plexiglass walls. ‘the model was pressure-tapped at
ceiter span. Lift and pleehing moment coefficients ware obtained by numerical
{ntegration of pressure tap readings as recorded on a wultiple-port scanivalve
readout systesm. These coefficients were corrected by the addition of jet reaction
components.  Srandard solid blockage eorree:ions‘ vere applied to the measuved
free-strean dynamic pressure; no wvake blockape factor was used because of the
uacertain effecty of the jet.

Drag measurescnl: were wade by using a Jdrag rake placed approximately 1.5
chord lengths downstreas of the model inelined at 10 deg to the free stream. The
rake employs 54 total and 8 sratie tubes, vith the heaviest concentration of tubes
near the venter height. The somentus deficlt methods of Betz and Joness woye then
used to determine the drvap coefficient. Siance nelther method accounts for the
additional mosentus iatroduced by the jet, a term of &V _/q s was subtracted from

the calceulated drag.
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Havy Circulation Control Rotor

TABLE 1 — DESIGNATION FOR CCR AIRFOILS

NCCR 1516-~7464N

Z{Descriptor for Coanda Surface
E — elliptical
C — circular arc
N — nominal circular arc
S — spiral

D — dual blowling (double
ended)

Trailing Edge Bluffness:

Airfoil thickness ratio in
percent actual chord measured
at slot location (6.4-percent
thickness as shown)

Slot Locatien:

This is the second and third digit of
the slot location measured from the
nose in percent actual chord (97.4
percent as shown)

Camber:

The maximum camber in pereent virtual chord is
one-tenth of thie value (1.6 percent as shown)

Thickness:

Alrfoll thickness ratio in perceat virtual chord (15 pee-
cent as showm)
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TABLE 2 - Two-Dimensional Model Coordinates for Upper and Lower Surtaces .
UPPER SURFACE LOV.SR SURFACE .
X Y X Y 0
)
0 0.081 LEADING EDGE n 0.081
0.010 0.141 0.010 0.020
0.030 0.181 , 0.020 9.000 .-
0.050 0.205 0.040 -0.031
0.072 0.225 0.060 ~0.051 &
0.129 0.257 0.129 -0.093
0.243 0.306 0.243 -0.143 i
0357 0.346 0.- -0.182
0.584 0.408 0.527 -0.230 *
081 0.456 0.754 -0.282
1.038 0.497 1.095 -0.342 '
1379 0.546 1.436 -0.396 .
1.890 0.603 r AL ~0.459
2345 0.639 2743 -0.499 .
2800 0.666 3368 -0.523
31254 0634 1822 -05 .
1709 0.693 4429 ~0.529
4.050 0.655 5152 ~0.51% .
4795 0.682 5876 -0.484 -
5.209 0.664 6.601 -0.428
5.860 0.616 7.100 ~-0.369
6230 0579 1329 ~0.33% o
6.950 0.474 1.487 ~a.312 .
7360 0.392 7.603 -0.281
1.502 0355 1.750 -0.228
1647 0314 7.810 -0.180
ne 0.290 1.850 -0133 "
77150 0265 1.890 ~-0.070
1.810 0239 1.910 -9 010 .
7890 0151 1.915 0040 N
1918 0020 TRAILING EDGE -

&
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To ensure that test conditions were as close to two-dimensiomal flow as
possible (especialliy at high-1ift conditions), wall blowing was emploved. Two sets
of plenums were embedded in each of the tunnel walls—one ahead of the leading edge,
the other at approximately the 70-percent chord position. The blowing rates of the
two sets of wall jets were adjusted independently and in accordance with the model
blowing rate. The wall jets were used to energize the wall boundary layer to
prevenl separation and reduce the vorticity associated with induced effects. Span-
wise pressure taps were employed to record the lateral pressure distribution as »-.
indication of two-dimensionality.

The level of blowing is expressed by the momentum coefficient, Cu’ where

Cu = &Vj/(qws)

Mass flow rate, m, was measured by a calibrated orifice plate imserted in the
supply line. Jet velocity was calculated by assuming lsentropic expansion from

duct stagnation pressure to the free-stream static pressure as follows:

y P \r=1/y
Vj = aj Hj = ZR‘fd (;:I) 1-(*;’:)

1/2

A series of ruas were made at free-stream dynamic pressures froa 20 to 50
lb/ftz corresponding to a model Reynolds number range from 0.524 z 196 to 0.3825 x
106 (Figv e 2). No significant offect on the data over this Reynolds number range
was noted, and q = 20 lbff:2 vas chosen to allow for a wider range of C“. Jue to

limits on the allowable iaternal duct pressure,

RESULTS AND DISCUSSION
The characteristics of a sodified cambered 13-percent ellipse with a spiral
rralling edge vas evaluated for three slot height-to-chord ratios of 0.0015, 0.0010,
asd 0.0022 for angles of attaek of =20 to 10 deg and cosentusm coefficients ranging
from 0 o 0.165. The range of the sosentun coefficient is sosewhat limited due to
the relatively early caset of jet-tunnel floor interference. Flgure 3 deplets the
varlation of =oecatusz coefficlent with duct pressure for the three slot helght-to-
chord vatlos for the test dynamic pressure of 20 1blft2. The expansion of the slot

caused by pressurization of the duct at hfe = 0.0015 i{s shount in Figure 4. These
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" data were obtained by pressurizing the duct and measuring the resulting slot
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height with a thickness gage under quiescent tunnel conditionms,

LIFT

Figures 5a and 5b show the sectional 1lift coefficlent as a function of momentum
coefficient for h/c = 0.0015, 0.0010, and 0.0022. The data are also presented on an
expanded scale and as a function of the square root of the momentum coefficient in
Figures 5¢, 5d, and 6. Although all recorded data are included for completeness, a
hatch mark appears in these figures to indicate the point at which disturbance of a
set of floor tufts placed behind the model was visually noted, indicating the onset

of jet-tunnel floor interference. There is, of course, the possibility that inter-

‘ference effects are occurring at lower Cﬁ values. The general level of disturbance

in the tunnel was high at a = +10 and -20 deg; therefore, no definitive interference
point could be observed.

For h/c = 0.0015, as indicated in Figure 5a, maximum lift coefficient occurs
at progressively lower values of momentum coefficient at a = 0, 2, 6, and 10 deg;
this coincides with a loss in the leading edge suction peak. For the negative
angles of incidence, the 1lift coefficient continues to increase with increasing Cu'
Maximum 1lift coefficilent for this airfoil is 4.28 reached at a = -2 deg for
Cu = 0,159. A brief experiment was performed, and results indicated that higher

values of CQ can be generated, if sufficlent clearance between the model and the
max
tunnel floor can be provided. At a = -2, -4, and -8 deg, the pressure distributions

do nut reveal any evidence of lower leading edge separation bubbles; however, at

a = -12 deg under nonblowing conditions, such a separation bubble does exist.
Initially, the flow is separated along the entire lower surface of a = -20 deg. As
blowing increases, the stagnation point (which is on the upper surface) moves
forvard toward the leading edge, resulting in flow attachment at Cu » 0.09; see
Figure 7. Despite the presence of separated flow, positive values of lift
coefficient are .roduced for Cu > 0.04.

A comprrison of lift characteristies in Figures 5a and 5b for the three slot
heights show. that, in general, a higher 1ift coefficient is obtained for a glven
momentum coefficient at h/c = 0.0015. An exception to this is observed when
comparing the low momentum coefficlent data on the expanded scale plots of Fipures

5¢ and 5d. 1In this range, the h/c = 0.0010 data show eitler the same or improved
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performance in relation to the larger slot height at the incidences tested. The
relative performance of the model at h/c = (0.0010 and 0.0022 (Figure 5b), however,
must be viewed with caution. The lift produced at tie two slot heights is
approximately the same until the region at which floor impingement is noted at

h/c = 0.0010,

Figures 8a and 8b depict the augmentation ratio as a function of momentum
coefficient. Augmentation ratio is defined at AC£/CU, where AC2 is the increase
in lifet coeff}cient above the unblown value for a given Cu and incidence. A signif-
icant reduction in auguentation ratio is apparent in Figure 8a at a = -20 and +10
deg and to a lesser extent at a = 6 deg; the remalning data fall within a narrow
band. In comparing the results in Figures 8a and 8b, the highest maximum augmenta-
tion is found to occur at hfc = 0,0010, This is the result of the increased lift
coefficient achieved at low values of momentum ccoefficient at this slot height.

Variation of 1lift coefficient with geometric angle of attack is shown in
Figure 9. The sl~me of the curves is similar for nonstall conditions, indicating
that the relario::iy between lift coefficient and incidence is not influenced by
the level of blowing. Good agreement is seen between the unblowm case and the
theoretical value of lift predicted for conventional airfoils.

The minimum value cf pressure coefficienz, C , on the alrfoil as a functien
of 1lift coefficient is depicted in Figure 10. Cri?;:al Mach number for the airfoil
{s predicted by applying the Kaman-Tsien compressibility correction to these values

of CP . Figure 11 preseants serit as a function of the ecompressible lift
win

coefficient, CC = Ct;(l-xcritz) 1/2. Compressibility factor techniques suck as
Kaman-Tsien do not fully account for the effect of compressibility, particulavly ia
a reglon of high acceleration; see Reference 5. Nonetheéless, this predietion is
useful as an indication of high-speed periormance. Figure 1l indicates a maximum
acrit in excess of 0.70 at both a = 0 and -2 deg fov a range of lift coefficients.
To complete the discussion of 1ift ebaracteristics, the effeet of spanvise
nonuniformicy must be considerved. Alrhough wall blowing was used to énsure spanwise
two-dimensionalicy, the hign-litr coefficients still produced downwash., Thus, a
detormination uf the effective angle of incidence was made. For the experimental
cases selected, potential flow pressure distributions for several Incidences and the
experimental CL vere determined. The resulting distyibutions were then compared to

the experimental pressure distribution until leading edge zharacteristics colneided.

. »~ F i} - -~ - N LN Y ® e " A YR
. R Lo e e b v e et ol et aeh et N S R . R TN
T i AL IR RN AN ‘0..' A S IR TN ..,““ ORI .'.-‘ ;{:.‘:' v .)\_‘ NS
A K KIS AL U AN ~. SRS N N § s
PRPEURS S I T A N S S A S s A N /O SN SRR Al
fe "R A E N TR laN L A ‘.\.‘a-'.n' Pl S VT O W i SN A . Ao A

LS

ar ¢ e 8wl

w e e
".’l -



WL W W WL W N L W W LW TR T Y I U LR L W R U N, Y T L S T e S T Y T T TR T TR T T R TR TR L VT CAaCT 2043 ™1 e Hh iin R A TR Fh i “Ea R 2 g D A <y S S
R

’ )
N
)

- w w

;E . v - The effective angles of incidence for the experimental data are presented in
Figure 12.
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DRAG
The variation of a modified drag coefficient with momentum coefficient is
presented in Figures 13a and 13b for h/c = 0.0015, 0.0010C and 0.0022. Data at low

values of momentum coefficient on an expanded scale for h/c = 0.0015 are showm in

Figure 13c. These data result from an integration of the wake deficit using the
method of Betz& vhich was modified to account for the additional momentum of the

jet, Cd = ¢ - (@V_/qs). The initial unblown drag levels are high due to the
1ake

natyre of bluff trailing edge airfoils: however, with the onset of blowing a
reduction in drag is noted at most angles of attack. Negative drag levels, a
product of effective thrust recovery, are achieved at relatively low values of
momentum for all negative angles of incidence except at a = -20 deg. Extensive flow
separation on the airfoil lower surface at g = -20 deg results in this high drag
level.

A reduction in the unblown drag leve. does not occur at a = 10 deg. In this
case, the leading edge bubble, which was followed by stall, tended te prevent drag
reduction. The secondary drag rise at a = 10, 6, and 2 deg coincides wvith the
degradation in lift coefficient observed in Figure Sa. Drag risec is also noted for

all points where jet-tunnel! floor interfereacw is known to oceur.

PITCHING MOMENT
Pitching moment is obtained by an integration of surface pressures. Figure 14

preseats the smoment about the aldchord, Ca » a8 a function of momentum ecoefficlent.
50
The 1ift duc-tu-blowlng vector is generally .occated somewhat aft of the midehord

because of the suction generated over the trailling edge. Augmented lift therefore
produces a negative pitching momeat.

EQUIVALENT L1FT-TO-DRAG RATIO

An equivalent lift-to-dvag ratio, i/de. is defined which takes ianze account
the energy expeuded to produce blowing. uéil: t/de 2llows & direct comparison to
be made betueen the performance of a circulatton control aivfoll and an unblown

v A ki 3 > v v
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VM v e e e
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airfoil. The equivalent drag is defined as:

P
d =d+ 2R, 4y
e '/ . @
o
The first term ¢ is the momentum deficit as measured by the drag rake (corrected
for jet efflux). The second term accounts for the compressor power (kinetic energy
flux), and the third term is an intake momentum flux (ram penalty).

The compressor power required may be expressed as:

(y-1)/v

=8 f2r ) gy fyo (. ram
2 (Y-l) RT, 1t P,

Uf intake losses are assumed to be negligible, then the ram pressure is equal to
the free-streum total pressure. For subsonic flows with M_<0.2, Pt = P_. Thus,

-

the above equation become.:

= % aV

i

P
comp

Substituting for Pcamp’ the coeffi ient form {s then:

v v
3.'.— - —1— n —‘f
i "4 / (Cd MR T 3)

Flgures 1lla and 15b preceat the lifi-to-equivalent drag as a function of }ifr
ecvcfticient for the three slot height-co-choru ratios. The esxisme i!de generated
is approximately 435 at Cg = 0.7, despite the relatively high-11ifr coefficlents
which are generated. Maximum efficiency at a given aagle of incidence is produced
at low values of momentus coeffieient. This esphasizes the nead to produce high
values of it coefflcicat at low valu s of momentusm coefficient to maintain high
efficiency due to the prominence of the kinetic energy ters, Cp vjlsz.

Comparing the results for the various slot heilght-to-chord rativs shows that
maximum efflelency occurs at h/c = 0.9015, wirh lower, but -imilar, results for the

veealning slot heights.
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CONCLUSIONS

A 15-percent-thick cambered circulation control airfoil was evaluated -

subsonically. The following conclusions are drawn from the experimental data.

¢ A rmaximum iift coefficient of 4.28 is reached at a4 = -2 deg for C“ = 0.159.

The experimental results indicate that still higher values of maximum 1lift 1
coefficient can be generated if sufficient clearance between the model and the
tunnel floor can be provided.

e The model generated a maximum llde of 45 at C, = 0.7. Maximum efficiency .
occurs at positive angles of incidence and low values of momenium coefficient.

e Neither increasing nor decreasing the slot height-to-chord ratio increases .
the sectional lift coefficient over that obtained at h/c = 0.0015.

e Application of the Karman-Tsien compressibility correction te the experi-
mental values of C indicates that the critical Mach number is in excess of 0.7
at both a = 0 and -;12eg. ;

e

- .

- e
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Figure 5 - Lift Variation wich Momentum Coefficient
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Figure 5 (Continued)
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™ Figure 8 - Variation of Lift Augmentation with Momentum Coefficient
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Figure 13 - Drag Coefficient Variation with Momentum Coefficient
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DTNSRDC ISSUES THREE TYPES OF REPORTS

" 1. DTNSRDC REPORTS, A FORMAL SERIES, CONTAIN INFORMATION OF PERMANENT TECH-
SERR NICAL VALUE. THEY CARRY A CONSECUTIVE MUMERICAL IDENTIFICATION REGARDLESS OF
Lo THEIR CLASSIFICATION OR THE ORIGINAYING JEPARTMENY.

¢. DEPARTMENTAL REPORTYS, A SEMIFORM.AL SERIES, CQNTMN INFOCRMATION OF A PRELIM.
b by iNARY, TEMPORARY, OR PROPRIETABY NATURE OR OF LIMITED INTEREST OR SIGNIFICANCE,
: x THEY CARRY /. DEPARTMENTAL ALPHANUMERICAL IDENTIFICATION,

3. TECHNICAL MEMORANDA, AN INFORMAL SERIES, CONTAIN TECHN!ICAL DOCUMENTATION

OF LIMITED USE AND INTEREST. THEY ARE PRIMARILY WORKING PAPERS INTENDED FOR IN-

TERNAL USE. THEY CARRY AN IDENTIFYING NUMBER WHICH INDICATES THEIR TYPE AND YHE

: NUMERICAL CODE OF THE ORIGINATING DEPARTMENT. ANY DISTRIBUTION GUTSIDE DYNSRDC

. MUST BE APPROVED BY THE HEAD CF THE ORIGINATING OEPARTMENT ON A CASEBY-CASE
A BASIS. :
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